The genus Orbivirus includes a diverse group of segmented dsRNA viruses that are transmitted via arthropods, have a global distribution and affect a wide range of hosts. A novel orbivirus was co-isolated with epizootic haemorrhagic disease virus (EHDV) from a white-tailed deer (Odocoileus virginianus) exhibiting clinical signs characteristic of EHDV. Using antiserum generated against EHDV, a pure isolate of the novel non-cytopathic orbivirus was obtained in Aedes albopictus cell culture. Genomic sequencing and phylogenetic analysis of predicted ORFs showed that eight of the ten ORFs were most homologous to Peruvian horse sickness virus (PHSV), with amino acid identities of 44.3-73.7 %. The remaining two ORFs, VP3 and VP5, were most similar to Middle Point orbivirus (35.9 %) and Yunnan orbivirus (59.8 %), respectively. Taxonomic classification of orbiviruses is largely based on homology of the major subcore structural protein VP2(T2), encoded by segment 2 for mobuck virus. With only 69.1 % amino acid identity to PHSV, we propose mobuck virus as the prototype of a new species of Orbivirus.
INTRODUCTION
The genus Orbivirus, a member of the family Reoviridae is composed of 22 recognized viral species whose genome consists of 10 non-enveloped segments of linear dsRNA (Attoui et al., 2011) . Orbviruses are globally distributed and can infect a wide array of vertebrate hosts via transmission from Culicoides midges, mosquitoes, ticks or black flies. To date, the most economically significant species belonging to this genus are bluetongue virus (BTV), African horse sickness virus (AHSV), and epizootic haemorrhagic disease virus (EHDV), all of which are transmitted via Culicoides midges (Mertens, 1999; Mertens et al., 2005) .
Sequence data of orbiviruses, particularly complete genomes, are often lacking. Nevertheless, recent advances in sequencing technology have led to the classification of several novel species including Yunnan orbivirus (YUOV), Middle Point orbivirus (MPOV) and Peruvian Horse sickness virus (PHSV) (Attoui et al., , 2009 Cowled et al., 2007) . Sequence comparisons of homologous proteins indicate a high degree of genetic heterogeneity within the genus Orbivirus (Kapoor et al., 2013) . Given the geographical dispersion, vector-host interaction, pathogenicity, genetic diversity and general lack of sequence information amongst orbiviruses, the emergence, discovery and classification of new species is continual. Both BTV and EHDV cause severe haemorrhagic disease in white-tailed deer (Odocoileus virginianus) (MacLachlan & Guthrie, 2010; Berry et al., 2013) . Based on submissions to our veterinary diagnostic laboratory and anecdotally, 2012 was a severe year for EHDV infections in both wild and farmed white-tailed deer in the USA. This is likely in part due to the severe widespread drought experienced in the USA in 2012, which created ideal conditions for population expansion of Culicoides species, the vector for EHDV (Berry et al., 2013) . Clinically, EHDV presents a wide range of clinical signs including high fever, anorexia, respiratory distress, oedema, extensive haemorrhaging and excessive salivation, often resulting in high mortality. EHDV was isolated on cell culture from a sample collected from a farmed white-tailed deer in Missouri, USA. Next-generation sequencing of the viral isolate identified EHDV as well as another virus with modest homology to PHSV. Genetic and phylogenetic analysis of this novel virus, mobuck virus, suggests that it represents the prototype of a new species of Orbivirus. 
RESULTS AND DISCUSSION

Viral isolation
In August 2012, post-mortem samples from an 18-monthold farmed male white-tailed deer that had been exhibiting EHDV-like clinical signs were collected and submitted to the University of Illinois Veterinary Diagnostic Laboratory. Splenic tissue was positive for EHDV by real-time reverse transcription PCR (rRT-PCR) and subsequent viral isolation for EHDV was successful using an Aedes albopictus cell line as determined by rRT-PCR. EHDV was not detected in the non-infected cell culture control. An aliquot of the EHDV-infected cell culture was sent to Newport Laboratories (Worthington, MN, USA) for genomic sequencing. Next-generation sequence analysis showed that the isolate was a mixture of both EHDV and a novel virus that, when compared to sequences in GenBank using BLAST, was most homologous to PHSV (Attoui et al., 2009) . EHDV was removed from the virus-infected cell culture harvests by limiting dilution in the presence of polyclonal EHDV antisera to neutralize the EHDV. A 59-nuclease assay was designed based on the putative VP7 sequence of the novel orbivirus in order to monitor the novel orbivirus titre during EHDV elimination. Limiting dilution was repeated several times until cell culture supernatants were positive for the novel orbivirus and EHDV was undetectable by rRT-PCR. Neutralization of EHDV corresponded to a loss of the normal cytopathic effect that we typically observe with EHDV cell culture; however, rRT-PCR indicated that the novel orbivirus was replicating to high titres [cycle threshold (Ct)~11-13]. The unknown virus was tentatively named mobuck virus designating its isolation from a male deer from Missouri.
Sequence analysis
The genome of the novel virus was sequenced with an Ion Torrent personal genome machine and the complete genome contained 19 944 nt bp. Ten segments of 4034, 2855, 2702, 1997, 1925, 1682, 1690, 1179, 1069 and 811 bp in length that encode predicted viral proteins VP1, VP2(T2), VP3, VP4, NS1, VP5, NS2, VP7, VP6 and NS3, respectively, were identified (Table 1) . Sequences were submitted to GenBank under the accession numbers KF296322-KF296331 (Benson et al., 2006) . BLASTP analysis of predicted ORFs found that eight out of ten were most homologous to PHSV, with amino acid identities of 44.3-73.7 % ( Table 2 ). The remaining two ORFs, VP3 and VP5, were most similar to MPOV (35.9 %) and YUOV (59.8 %), respectively.
Intraspecies members of the Orbivirus genus share common hexanucleotide termini that are partially conserved among genomic segments; viruses of different Orbivirus species also have this region, but it is conserved to a lesser degree (Belaganahalli et al., 2011) . The 59 NCRs of all mobuck virus segments contain six conserved nucleotides, with three conserved nucleotides at their 39 end (59-GUUAAA----UAC-39). The two nucleotides proximal to the 59 and 39 ends are also inverted complements of each other and are identical to those of other orbiviruses (Attoui et al., , 2009 Belaganahalli et al., 2011 Belaganahalli et al., , 2012 . Similar to most orbiviruses, the 59 NCR of mobuck virus is shorter than the corresponding 39 NCR (Mertens et al., 2005; Maan et al., 2008) . The significance of the very long 39 NCRs in segments 5 and 7 is unknown. Previous studies have observed that orbiviral genomes consisting of 5.03-5.695 % NCR are associated with the mosquito-borne group, 4.47-4.9 % NCR to the tick-borne group, and 3.5-4.1 % NCR to the Culicoides-borne group (Belaganahalli et al., 2011) . Analysis of the mobuck virus genome showed that it contains 5.711 % NCR, which most closely resembles those of orbiviruses that use mosquitoes as a vector. (Belaganahalli et al., 2011) . Although mobuck has a G+C content within the range of previously characterized mosquito viruses, it is not significantly dissimilar from midge-borne viruses.
Phylogenetic analysis
To determine the genetic relationship of mobuck with other orbiviruses, phylogenetic analyses of all 10 segments were conducted using predicted amino acids ( Fig. 1 ). Table  S1 (available in JGV Online) shows amino acid lengths and GenBank accession numbers of all segments used fo comparison (Benson et al., 2006) . Mobuck virus was evolutionarily most closely related to PHSV, YUOV and MPOV. The evolutionary relationships of these viruses varied by segment with no clear ancestral virus(es).
The viral RNA-dependent RNA polymerase VP1 protein, T2 protein [designated either VP2(T2) or VP3(T2)], and VP7(T13) are highly conserved among all orbiviruses and have consequently been used for taxonomic classification and phylogenetic comparisons (Attoui et al., 2009; Belaganahalli et al., 2011 Belaganahalli et al., , 2012 Dilcher & Weidmann, 2012; Gouet et al., 1999; Grimes, et al., 1998) . VP1 amino acid sequence identities of at least 20 % are classified to a single genus within the family Reoviridae (Attoui et al., 2000) . Polymerase proteins of different Orbivirus species share 36-73 % amino acid identity (Attoui et al., 2001) . Mobuck virus VP1 amino acid sequence identity ranges from 35.9 to 71.2 % to other orbiviruses. Moreover, mobuck virus VP1 is 59.42 % identical to mosquito-borne orbiviruses, 44.43 % to tick-borne, and 46.99 % to orbiviruses transmitted via Culicoides (Table 2) . While the vector for mobuck virus is uncertain, these results suggest that a mosquito vector is likely.
Depending on the species, the T2 protein of orbiviruses can be encoded by either segment 2 or 3 and correlates with viral speciation (Gould, 1987; Gould & Pritchard, 1991; Mertens, 1999; Mertens et al., 2005) . Orbiviral T2 protein phylogeny often correlates with the arthropod vector and can be classified into two groups -those encoded by segment 2 (mosquito-and tick-borne) and those encoded by segment 3 (Culicoides-borne) (Attoui et al., , 2009 Belhouchet et al., 2010; Dilcher & Wiedmann, 2012) . The T2 protein of the mobuck virus is encoded by segment 2 and is designated VP2(T2). Phylogenetic analysis shows that the mobuck virus has a close relationship and similar coding pattern to other mosquito-borne orbiviruses, suggesting a mosquito vector. As proposed by Attoui et al. (2001) , a T2 amino acid identity cut-off of 91 % is used for species determination. Thus, with only 69.1 % homology to PHSV, mobuck virus represents a novel and distinct Orbivirus species. 
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The core surface protein 'T13' (VP7 of BTV) is more conserved than outer-capsid proteins and is both strongly immunodominant and viral species specific (Huismans & Erasmus, 1981; Gumm & Newman, 1982; Schoehn et al., 1997; Mertens et al., 2005) . Although a constituent of the inner shell, its accessibility to antibodies makes it an important serogroup determinant. Mobuck VP7(T13) is encoded by segment 8, like YUOV and PHSV (Attoui et al., 2009) rather than segment 7 as in the case for BTV (Grimes et al., 1998) and EHDV (Mecham & Dean, 1988) . When compared with VP7(T13) of other orbiviruses, amino acid identities ranged from 17.9 % to 73.7 %. Mean amino acid identity of the VP7(T13) sequence was 26.55 % to tick-borne orbiviruses and 22.05 % to Culicoides-borne, but 52.8 % when compared against those transmitted by mosquitoes.
Cell attachment proteins of the orbiviruses, such as OC1 (most often encoded by segment 2 or 3) and OC2(VP5) are highly variable, even among different serotypes within a single species (Attoui et al., 2009; Maan et al., 2007) . The least-conserved gene encodes the dominant outer-capsid protein (OC1), which has been used for phylogenetic analysis to determine variations, such as serotype, within a species (Potgieter et al., 2003; Maan et al., 2007) . Mobuck virus segment 3 encodes the VP3(OC1) protein, which has a similar coding pattern to mosquito and some tick-borne orbiviruses . VP5(OC2) also can be variable among different serotypes within a single Orbivirus species, but to a lesser extent than OC1(VP2 or VP3) (Attoui et al., 2009; Maan et al., 2007; Singh et al., 2004) . When compared to other orbiviral sequences, mobuck virus VP3 and VP5 proteins had 8.4-35.9 % and 28.8-59.8 % amino acid identity ranges, respectively. Interestingly, VP3 and VP5 were the only two predicted mobuck viral proteins that were most homologous to viruses other than PHSV, with greatest identity to MPOV and YUOV, respectively.
Deduced amino acid sequence comparisons for all mobuck virus segments indicate that it is a distinct entity when analysed against other orbiviruses found in the literature. Mobuck virus VP1 homology affirms its classification to the genus Orbivirus. Furthermore, when compared to mosquito-borne orbiviruses, VP1 amino acid sequences show approximately 15 % and 12.4 % higher mean similarity compared with tick-borne and Culicoides vectors, respectively. Mobuck virus showed ,71.2 % identity in VP1, ,69.1 % in VP2(T2), ,73.7 % in VP7(T13), ,35.9 % in VP3(OC1) and ,59.8 % in VP5(OC2) in relation to other orbiviruses (Table 2) . Consequently, genetic and phylogenetic analyses suggest that the mobuck virus uses mosquitoes as its preferred mode of transmittance. , 0.1 mg streptomycin ml 21 and 0.05 mg gentamicin ml 21 (Sigma) and grown at 28 uC with 5 % CO 2 . Both infected and non-infected cell cultures were tested for the presence of EHDV by rRT-PCR. For removal of EHDV from the infected cell culture, cells were inoculated with a 1 : 1000 dilution of the virus isolate and allowed to adsorb for 1 h. The inoculated cells then were washed three times with sterile PBS, re-fed with 3 ml of DMEM without but containing antiserum generated against EHDV serotypes 1 and 2 (National Veterinary Service Laboratories) and incubated for 5 days. This procedure was repeated until EHDV was undetectable by rRT-PCR. Harvested infected cells and media were stored at 280 uC until used for nucleic acid (RNA) extraction.
RNA extraction. Forty millilitres of frozen/thawed virus-infected cells and media was filtered using a 0.2 mm filter (Thermo Scientific). The collected filtrate was centrifuged at 50 000 g for 2 h at 4 uC in a Beckman JA-30.50Ti rotor. The supernatant was discarded and the viral pellet was resuspended in 750 ml sterile water. Approximately 500 ml of the virus suspension was applied to an Amicon Ultra-0.5 ml 50K filter and spun for 1 min at 7500 r.p.m. The filtrate was discarded and the remaining virus suspension was applied to the same Ambicon filter and spun at 7500 r.p.m. for 1 min. The resultant virus suspension in the filter was collected and treated with 14 ml 106 DNase buffer, 14 ml NEBuffer 2, 2 ml DNase I (10 mg ml 21 ) (all NEB), and 2 ml RNase A (10 mg ml 21 ) (Qiagen). Sterile nuclease-free water was added to bring the total volume to 140 ml and the entire mixture was incubated at 37 uC for 1 h. Viral RNA was purified using the Qiamp Viral RNA mini kit (Qiagen) in accordance with the manufacturer's protocol and eluted in sterile nuclease-free water to a final volume of 35 ml. RNA concentration was determined using the NanoDrop Lite (Thermo Fisher Scientific).
rRT-PCR. A previously described rRT-PCR method was used to detect EHDV (Clavijo et al., 2010) . Using the sequence for VP7, a 59-nuclease probe was designed to detect the mobuck virus. PrimersFor: 59-AGCAAACAGAGATCCACGAG-39 and Rev: 59-CTCTACTG-TACTAGGCGTTTGTG; Probe: 59-TGATTGGTCTCTCGGTTGTG-GG-39. Both EHDV and mobuck virus probes were labelled with 6-fluorescein amidite (FAM). rRT-PCR was performed individually for EHDV and mobuck virus using Qiagen Quantitect RT-PCR with the appropriate primers and probe(s).
Ligation/amplification. The 'anchor-primer' PC3-T7 loop, similar to that outlined by Maan et al. (2007) and previously designed by Potgieter et al. (2009) , was used for ligation. The primer PC3-T7 loop (59-GGATCCCGGGAATTCGGTAATACGACTCACTATATTTTTA-TAGTGAGTCGTATTA-OH-39) was ordered from Integrated DNA Technologies (IDT).
The ligation reaction comprised 10 ml dsRNA (370 ng ml 21 ), PC3-T7 loop (800 ng), 1 mM ATP (NEB), 40 U RNasein (Promega), 6 % DMSO (EM Science), 20 % polyethyleneglycol (PEG) 8000 (NEB), 20 U T4 RNA ligase I (NEB) and 5 ml 106 T4 RNA ligase reaction 
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Journal of General Virology 95 buffer (NEB) in a final volume of 50 ml. The reaction ligated overnight at 16 uC. Ligated dsRNA was purified using the RNA Clean and Concentrator kit (Zymo Research) following the manufacturer's protocol and eluted in a final volume of 10 ml sterile water.
Ligated dsRNA was denatured by adding 15 % (v/v) of DMSO, heating it to 95 uC for 5 min, and then snap-cooling on ice. Ten microlitres of the sample served as template for reverse transcription. The cDNA reaction was achieved using the GoScript Reverse Transcription System (Promega) according to the manufacturer's instructions with one exception: sterile nuclease-free water was added for a total volume of 10 ml master mix instead of 15 ml (the initial template volume was larger than that stated in the protocol). The reaction was incubated at 25 uC for 5 min, 42 uC for 1 h, and 55 uC for 15 min. Following cDNA synthesis, RNA was removed by adding 2.5 U RNaseH (NEB), 2 ml 106 RNase H Buffer (NEB) and incubating at 37 uC for 20 min. Double-stranded cDNA was annealed by incubating the reaction at 65 uC for 3-16 h. The products were amplified using primer PC2 (59-p-CCGAATTCCCGGGATCC-39) (Potgieter et al., 2009) . The reaction consisted of 10 ml cDNA, 16 Ex Taq Buffer, 0.2 mM dNTPs, 0.6 mM MgCl 2 , 5 U Ex Taq (all Takara) and 1.6 mM PC2 primer. Cycling parameters were identical to those previously described (Potgieter et al., 2009 ). An aliquot of amplified product was run on a 1.2 % agarose gel to assess reaction efficiency. Amplified products were purified with Agencourt AMPure XP (Beckman Coulter) according to the manufacturer's protocol and eluted in 40 ml of sterile nuclease-free water. The final DNA concentration of the PCR product was calculated using the NanoDrop Lite (Thermo Fisher Scientific).
Sequencing and sequence analysis. Sequencing was performed using an Ion Personal Genome Machine TM (PGM TM ) sequencing platform (Life Technologies). Briefly, the library was prepared using the NEBNext Fast DNA Fragmentation and Library Prep Set 4 kit in accordance with the manufacturer's instructions (NEB). The quality of the library was assessed with the Qubit dsDNA HS Assay kit (Life Technologies). Samples were appropriately pooled and emulsion PCR and emulsion breaking was performed on the Ion OneTouch TM 2 using the Ion PGM Template OT2 200 kit (Life Technologies) according to the manufacturer's instructions. Manual enrichment of the resulting sample was done in accordance with the Ion Xpress Template kit v2.0 protocol (4469004 Rev. E) and the ISP enrichment was confirmed using the Qubit 2.0 fluorometer and Ion Sphere Quality Control kit (Life Technologies). The enriched sample was prepared for sequencing using the Ion PGM 200 Sequencing kit v2 (Life Technologies) following the manufacturer's instructions. The enriched sample was loaded on an Ion 316 chip (Life Technologies) and sequenced on the PGM for 125 cycles.
Data from the PGM run were initially processed using Torrent Suite v. 3.4.2 (Life Technologies). The resultant sequencing reads were compiled into contigs via SeqMan NGen v. 4.1.2 de novo assembly in combination with the commercially available SeqMan Pro Software v. 11.0.0 (DNASTAR, Lasergene). Contigs encoding proteins with similar homology to orbiviruses were identified with BLAST and TBLAST sequence alignment programs at the NCBI web server. The phylogenies of finalized amino acid sequences were compared using MEGA v. 5.2.1 using maximum-likelihood analysis with tree topology verified by 500 bootstrap replicates (Tamura et al., 2011) . Amino acid similarities of homologous proteins were determined using MEGALIGN v. 10.1.2 (DNASTAR, Lasergene).
